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(54) lll-V semiconductor heterojunction field effect transistor 

(57) An FET (Held Effect Transistor) has an epitax- 
ial wafer including an Al 0 . 2 Gao.8As gate contact layer. A 
GaAs gate buried layer doped with Si, AIo, 2 Gao. 8 As 
wide-recess stopper layer doped with Si, an undoped 
GaAs layer and a GaAs cap layer doped with Si are 
sequentially formed on the gate contact layer by epitax- 
ial growth. An electron accumulation layer is formed on 
the undoped GaAs layer and reduces a potential barrier. 
This allows electrons to pass through the potential bar- 
rier of the AIGaAs layer with higher probability. Because 
the GaAs layer is not doped with an impurity, electrons 
are scattered little and achieve higher mobility. It is 
therefore possible to reduce contact resistance from the 
cap layer to a channel layer. In addition, sheet resist- 
ance sparingly increases because the gate contact 
layer is not exposed to the outside. An ON resistance as 
low as 1 .4 n • mm is achievable which is lower than the 
conventional ON resistance by 0.2 n • mm. 
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Description 

BACKGROUND OF THE INVENTION 

[0001 ] The present invention relates to an FET (Field 
Effect Transistor) and more particularly to a hetero junc- 
tion FET 

[0002] GaAs FETs are extensively used as high fre- 
quency devices. As for a high power device, among oth- 
ers, a multi-step recess structure is used to reduce a 
source resistance and to guarantee a gate breakdown 
voltage, as taught in, e.g., a paper entitled "High Effi- 
ciency Power Module Using HEMT for PDC presented 
at the 1996 Conventional of the Electronics Society, the 
Institute of Electronics and Information Engineers of 
Japan, Vol. 2, p. 30 (issued August, 30, 1996). 
[0003] On the other hand, ON resistance of an FET, 
having a multi-step recess structure, is the total distrib- 
uted equivalent resistance from a source electrode to a 
drain electrode. A low ON resistance is essential for 
implementing a desirable power and a desirable effi- 
ciency characteristic at low voltage operation. However, 
an ON resistance available with conventional FETs is 
high because a contact resistance from a cap layer to a 
channel layer is high. In addition, sheet resistances at 
an exposed GaAs layer portion and on exposed AIGaAs 
gate contact layer portion are high, further increasing 
the ON resistance. 

[0004] Technologies relating to the present invention 
are disclosed in, e.g., Japanese Patent Laid-Open Pub- 
lication Nos. 4-103136 and 7-335867 and Japanese 
Patent Application No. 8-288610. 

SUMMARY OF THE INVENTION 

[0005] It is therefore an object of the present invention 
to provide a hetero junction FET having low contact 
resistance from a cap layer to a channel layer and low 
resistance at a portion where a GaAs gate buried layer 
is exposed to the outside. 

[0006] In accordance with the present invention, in an 
FET using a semiconductor crystal including at least 
either an undoped InGaAs channel layer or an undoped 
GaAs channel layer and a first AIGaAs gate contact 
layer, a second GaAs gate buried layer, a third AIGaAs 
layer and a fourth GaAs cap layer sequentially formed 
on the undoped InGaAs channel layer or the undoped 
GaAs channel layer, and having a double recess struc- 
ture formed by using the first and third AIGaAs layers as 
etching stopper layers, a third AIGaAs layer is doped 
with a high concentration n-type impurity. A fourth GaAs 
layer includes an undoped layer contacting the third 
AIGaAs layer and a layer doped with a high concentra- 
tion n-type impurity and forming the top of the fourth 
GaAs layer. The second GaAs gate buried layer and a 
gate electrode contact each other without any gap. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The above and other objects, features and 
advantages of the present invention will become more 
5 apparent from the following detailed description taken 
with the accompanying drawings in which: 

FIG. 1 is a section showing a first embodiment of 
the FET in accordance with present invention: 
10 FIG. 2 shows a conduction band profile between a 
cap layer and a channel layer included in the first 
embodiment; 

FIG. 3 is a section showing a second embocfi ment 
of the present invention; 
15 FIG. 4 shows a conduction band profile between a 
cap layer and a channel layer included in the sec- 
ond embodiment; 

FIG. 5 is a section showing a third embodiment of 
the present invention; 
20 FIG. 6 shows a conduction band profile between a 
cap layer and a channel layer included in the third 
embodiment; 

FIG. 7 is a section showing a fourth embodiment of 
the present invention; 
25 FIG. 8 shows a conduction band profile between a 
cap layer and a channel layer included in the fourth 
embodiment; 

FIG. 9 is a section showing a fifth embodiment of 
the present invention; 
30 FIG. 1 0 shows a conduction band profile between a 
cap layer and a channel layer included in the fifth 
embodiment; 

FIG. 1 1 is a section showing a sixth embodiment of 
the present invention; 
35 FIG. 1 2 shows a conduction band profile between a 
cap layer and a channel layer included in the sixth 
embodiment; 

FIG. 13 is a section showing a seventh embocfiment 
of the present invention; 

FIG. 14 shows a conduct ion band profile between 
an exposed GaAs layer and a channel layer 
included in the seventh embodiment: 
FIG. 15 is a section showing an eighth embodiment 
of the present invention; 
*5 FIG. 1 6 shows a conduction band profile between a 
cap layer and a channel layer included in the eighth 
embodiment; 

FIG. 1 7 is a section showing a ninth embodiment of 
the present invention; and 
50 FIGS. 18-32 are sections respectively showing a 
tenth to a twenty-fourth embodiment of the present 
invention; 

FIG. 33 is a section showing a specific conventional 
FET; and 

>5 FIG. 34 shows a potential energy between a cap 
layer and a channel layer included in the FET of 
FIG. 33. 
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DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[0008] To better understand the present invention, 
brief reference will be made to a conventional FET, 
shown in FIG. 33. A multi-recess structure is formed by 
using, e.g., a GaAs/AIGaAs laminate structure and 
selective etching. As shorn in FIG. 33, the FET includes 
a semi-insulating GaAs substrate 1101. There are 
formed on the substrate 1101 an undoped Al 0 2 Gao. 8 As 
buffer layer 1 102, an AI 0 . 2 Gao.8As electron supply layer 
1103 doped with Si, an undoped AI 0 2 Gao.8As spacer 
layer 1104, an undoped lno.2Gao.sAs channel layer 
1105. an undoped AI 02 Gao. 8 As spacer layer 1106. an 
AI 0 . 2 Gao 8 As electron supply layer 1 107 doped with Si, 
an undoped AI0.2Gao.8As gate contact layer 1108. a 
GaAs gate buried layer 1109, an AI 02 Gao.8As wide- 
recess stopper layer 1 1 10 doped with Si, and a GaAs 
cap layer 1111 doped with Si. To form this recess struc- 
ture, after a mask formed with a wide recess pattern has 
been formed, the GaAs layer 1 1 1 1 is selectively etched 
with the wide-recess stopper layer 1110 serving as a 
stopper layer. Then, after the removal of the mask, a 
new mask formed with a gate recess pattern is formed. 
Subsequently, the GaAs layer 1 109 is selectively etched 
with the gate contact layer 1108 playing the role of a 
stopper layer. In the specific structure shown in FIG. 33, 
the sides of a gate electrode are spaced from the GaAs 
layer by relatively great gaps. 

[0009] FIG. 33 also shows distributed equivalent 
resistances in the conventional FET. The resistances 
include a contact resistance R1 from the ohmic elec- 
trode to the cap layer, a contact resistance R2 from the 
cap layer to the channel layer, a sheet resistance R3 at 
a portion where the gate buried GaAs layer is exposed, 
a sheet resistance R4 at a portion where the AIGaAs 
gate contact layer is exposed, and a sheet resistance 
R5 beneath the gate electrode. The ON resistance of 
the FET should be low for the reason stated earlier. 
[0010] However, the above conventional FET has 
some problems left unsolved, as follows. To begin with, 
the contact resistance R2 from the cap layer to the 
channel layer is high and therefore the ON resistance is 
high. FIG. 34 shows a conduction band profile in a 
direction X11-Y11 shown in FIG. 33. As FIG. 34 indi- 
cates, the high contact resistance is ascribable to the 
fact that the AIGaAs stopper layer used to form the 
multi-step recess structure has a high potential barrier, 
limiting the tunnel probability from the cap layer to the 
channel layer. 

[001 1 ] Another problem is that when the AIGaAs stop- 
per layer is removed after the formation of the wide 
recess, the distance between the exposed GaAs sur- 
face and the channel beneath it is reduced, increasing 
the sheet resistance R3 and therefore the ON resist- 
ance is high. This is because a depletion layer extends 
from the exposed GaAs layer surface toward the chan- 
nel layer and causes electrons in the channel to be 



depleted. 

[001 2] A further problem is that because the sides of 
the gate electrode do not contact the GaAs layer, the 
AIGaAs gate contact layer is exposed to the outside at 

5 the sides of the gate electrode. As a result, electrons in 
the channel layer are also depleted by a surface deple- 
tion layer extending from the AIGaAs gate contact layer. 
[001 3] Preferred embodiments of the FET in accord- 
ance with the present invention and capable of solving 

10 the above problems will be described hereinafter. 

1st Embodiment 

[0014] Referring to FIG. 1 of the drawings, an FET 

15 embodying the present invention is shown and includes 
a semi-insulating GaAs substrate 101. As shown, there 
are sequentially formed on the substrate 101 a 400 nm 
thick undoped GaAs buffer layer 102, a 100 nm thick 
undoped AI 0 . 2 Gao.8As buffer layer 103, a 4 nm thick 

20 AI 0 2 Gao. 8 As electron supply layer 104 doped with 4 x 
10 18 cm" 3 of Si, a 2 nm thick undoped AI 02 Gao. 8 As 
spacer layer 105. a 15 nm thick undoped ^Gao.sAs 
channel layer 106, a 2 nm thick undoped AI 02 Gao^8As 
spacer layer 107, a 9 nm thick AI 0 2Gao. 8 As electron 

25 supply layer 1 08 doped with 4 x 10 1 8 cm" 3 of Si, a 1 0 nm 
thick undoped A! 0 2 Gao.8As gate contact layer 109, a 30 
nm thick GaAs gate buried layer 110 doped with 5 x 
10 16 cm 3 of Si, a 6 nm thick Al 0 2 Gao gAs wide-recess 
stopper layer 1 1 1 doped with 4 x 10 18 cm" 3 of Si, a 6 nm 

30 thick undoped GaAs layer 1 1 2 and a 1 00 nm thick GaAs 
cap layer 1 1 3 doped with 4 x 10 18 cm" 3 of Si by epitaxial 
growth. To produce such an epitaxial wafer, use may be 
made of a molecular beam epitaxial growth (MBE) 
scheme or a metal organic vapor phase epitaxial growth 

35 (MOVPE) scheme. 

[001 5] After the above epitaxial wafer has been pro- 
duced, a mask formed with a recess pattern is formed 
on the wafer. Then, the GaAs layers 1 13 and 1 12 are 
selectively etched with the wide-recess stopper layer 

40 111 serving as a stop layer. To so etch the two layers 
1 13 and 1 12, there may be used dry etching using an 
ECR (Electron Cyclotron Resonance) etching system or 
an RIE (Reactive Ion Etching) system and a mixture of 
chloride gas containing only chlorine as a halogen ele- 

45 ment and fluoride gas containing only fluorine, e.g., a 
BCI3 and SF 6 mixture. 

[001 6] After the removal of the above mask, the GaAs 
gate buried layer 110 is selectively etched via a new 
mask formed with agate recess pattern with the gate 

so contact layer 1 09 serving as a stopper layer. As a result, 
the undoped gate contact layer 109 is exposed to the 
outside. At this instant, the buried layer 1 10 is not over- 
etched. A gate electrode 1 14 is formed on the exposed 
gate contact layer 109. This produces a structure in 

55 which no gaps are present at the sides of the gate elec- 
trode 114. 

[0017] Subsequently, a source electrode 1 15 and a 
drain electrode 1 1 6 are formed by the evaporation lift-off 
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and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0018] FIG. 2 shows a conduction band profile in a 
direction X1-Y1 of FIG. 1. For comparison, the conduc- 
tion band profile of a conventional structure lacking the 5 
undoped GaAs layer 112 on the wide-recess stopper 
layer 111 is indicated by a dashed line in FIG. 2. As 
shown, in the structure shown in FIG. 1, two-dimen- 
sional electron gas formed in the undoped GaAs layer 
112 lowers the potential barrier and thereby increases 
the probability that electrons pass through the potential 
barrier of the stopper layer 1 1 1 . In addition, because no 
impurities are doped in the GaAs layer 1 12, the scatter- 
ing by ionized impurities is suppressed and electron 
ability is high in the layer 112. Consequently, the contact 
resistance from the cap layer 1 13 to the channel layer 
106 is successfully reduced. Further, the increase of 
this sheet resistance is suppressed because the gate 
contact layer 1 09 is not exposed to the outside. 
[0019] With the structure of FIG. 1 , an ON resistance 
as low as 1 .4 O • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.2 n* mm. 

2nd Embodiment 

[0020] A second embodiment of the FET in accord- 
ance with the present invention is shown in FIG. 3 and 
includes a semi-insulating GaAs substrate 201. As 
shown, there are sequentially formed on the substrate 
201 a 400 nm thick undoped GaAs buffer layer 202, a 
100 nm thick undoped AIq 2 Gao qAs buffer layer 203, a 4 
nm thick Al 0 2 Gao. 8 As electron supply layer 204 doped 
with 4 x 10 18 cm" 3 of Si, a 2 nm thick undoped 
Al 0 2 Gao 8 As spacer layer 205, a 15 nm thick undoped 
Ino 2Gao 8 As channel layer 206. a 2 nm thick undoped 
^o^GaosAs spacer layer 207, a 9 nm thick 
Al o.2 Ga o.sAs electron supply layer 208 doped with 4 x 
10 18 cm" 3 of Si, a 10 nm thick undoped AI^Gao.eAs 
gate contact layer 209, a 24 nm thick GaAs gate buried 
layer 210 doped with 5 x 10 16 cm* 3 of Si, a 6 nm thick 
undoped GaAs layer 211, a 6 nm thick Al 0 .2Gao 8 As 
wide-recess stopper layer 212 doped with 4 x i 0 18 cm" 3 
of Si, a 6 nm thick undoped GaAs layer 213 and a 100 
nm thick GaAs cap layer 214 doped with 4 x 10 18 cm" 3 45 
of Si by epitaxial growth. Again, to produce such an epi- 
taxial wafer, use may be made of the MBE scheme or 
the MOVPE scheme, as desired. 
[0021] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs so 
layers 21 4 and 21 3 are selectively etched with the wide- 
recess stopper layer 212 serving as a stop layer. To so 
etch the two layers 214 and 213, there may be used dry 
etching using a mixture of chloride gas containing only 
chlorine as a halogen element and fluoride gas contain- 55 
ing only fluorine, e.g. f a BC^ and SF 6 mixture. 
[0022] After the removal of the above mask, the 
undoped GaAs layer 211 and GaAs gate buried layer 



210 are selectively etched via a new mask formed with 
a gate recess pattern with the gate contact layer 209 
serving as a stopper layer. As a result, the undoped 
" gate contact layer 209 is exposed to the outside. At this 
instant, the buried layer 212 is not overetched. A gate 
electrode 215 is formed on the exposed gate contact 
layer 209. This produces a structure in which no gaps 
are present at the sides of the gate electrode 215. 
[0023] Subsequently, a source electrode 216 and a 
drain electrode 21 7 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe. serving as 
ohmic electrodes. 

[0024] FIG. 4 shows a conduction band profile in a 
direction X2-Y2 of FIG. 3. For comparison, the conduc- 
tion band profile of a conventional structure lacking the 
undoped GaAs layers 213 and 21 1 respectively present 
on the top and bottom of the wide-recess stopper layer 
212 is indicated by a dashed line in FIG. 2. As shown, in 
the structure shown in FIG. 3, two-dimensional electron 
gas formed in the undoped GaAs layers 213 and 211 
lowers the potential barrier and thereby increases the 
probability that electrons pass through the potential bar- 
rier of the stopper layer 212. In addition, because no 
impurities are doped in the GaAs layer 213 or 21 1 , the 
scattering by ionized impurities is suppressed and elec- 
tron mobility is high in the layers 213 and 211. Conse- 
quently, the contact resistance from the cap layer 21 4 to 
the channel layer 206 is successfully reduced. Further, 
the increase of this sheet resistance is suppressed 
because the gate contact layer 209 is not exposed to 
the outside. 

[0025] With the structure of FIG. 3, an ON resistance 
as low as 1 .3 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.3 O • mm. 

3rd Embodiment 

[0026] A third embodiment of the FET in accordance 
with the present invention is shown in FIG. 5 and 
includes a semi-insulating GaAs substrate 301. As 
shown, there are sequentially formed on the substrate 
301 a 400 nm thick undoped GaAs buffer layer 302, a 
1 00 nm thick undoped AI 0i >Gao. 8 As buffer layer 303. a 4 
nm thick Al 0 2 Gao. 8 As electron supply layer 304 doped 
with 4 x 10 18 cm" 3 of Si, a 2 nm thick undoped 
Al 02 Ga 0 8 As spacer layer 305, a 15 nm thick undoped 
,n 02Ga 0 .8 A s channel layer 306, a 2 nm thick undoped 
Alo^Gao.&As spacer layer 307, a 9 nm thick 
AI^Gao gAs electron supply layer 308 doped with 4 x 
10 18 cm" 3 of Si, a 10 nm thick AI^Gao 8 As gate contact 
layer 309 doped with 4 x 10 18 cm" 3 of Si, a 6 nm thick 
undoped GaAs gate buried layer 310, a 24 nm thick 
GaAs gate buried layer 31 1 doped with 5 x 1 0 16 cm" 3 of 
Si, a 6 nm thick Alo^Gao.sAs wide-recess stopper layer 
312 doped with 4 x 10 18 cm 3 of Si and a 100 nm thick 
GaAs cap layer 214 doped with 4 x 10 18 cm" 3 of Si by 
epitaxial growth. To produce such an epitaxial wafer, 
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use may be made of the M BE scheme or the MOVPE 
scheme, as desired. 

[0027] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layer 313 is selectively etched with the wide-recess 
stopper layer 312 serving as a stopper layer. To so etch 
the GaAs layer 313, there may be used dry etching 
using a mixture of chloride gas containing only chlorine 
as a halogen element and fluoride gas containing only 
fluorine, e.g., a BCI 6 and SF 6 mixture. 
[0028] After the removal of the above mask, the GaAs 
layers 311 and 310 are selectively etched via a new 
mask formed with a gate recess pattern with the gate 
contact layer 309 serving as a stopper layer. As a result, 
the gate contact layer 309 is exposed to the outside. At 
this instant, the gate buried layers 311 and 310 are not 
overetched. A gate electrode 314 is formed on the 
exposed gate contact layer 309. This produces a struc- 
ture in which no gaps are present at the sides of the 
gate electrode 314. 

[0029] Subsequently, a source electrode 315 and a 
drain electrode 316 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0030] FIG. 6 shows a conduction band profile in a 
direction X3-Y3 of FIG. 5. For comparison, the conduc- 
tion band profile of a conventional structure including an 
undoped gate contact layer, but lacking the undoped 
GaAs layer 310, is indicated by a dashed line in FIG. 6. 
As shown, in the structure shown in FIG. 5, two-dimen- 
sional electron gas formed in the undoped GaAs layer 
310 lowers the potential barrier and thereby increases 
the probability that electrons pass through the potential 
barrier formed by the AI 02 Gao 8 As layers 309, 308 and 
307. In addition, because no impurities are doped in the 
GaAs layer 310, the scattering by ionized impurities is 
suppressed and electron mobility is high in the layer 
310. Consequently, the contact resistance from the cap 
layer 313 to the channel layer 306 is successfully 
reduced. Further, two-dimensional electron gas formed 
in the undoped GaAs layer 310 having high electron 
mobility forms a low resistance current path (P2, FIG. 5) 
in addition to a current path (P1, FIG. 5) famed in the 
channel layer 306. The current path P2 serves to 
reduce the sheet resistance of the portion (S, FIG. 5) 
where the GaAs gate buried layer is exposed to the out- 
side. In addition, because the gate contact layer 309 is 
not exposed to the outside, the sheet resistance at this 
portion sparingly increases. 

[0031 ] With the structure of FIG. 5, an ON resistance 
as low as 1 .3 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.3 n* mm. 

4th Embodiment 

[0032] A fourth embodiment of the FET in accordance 
with the present invention is shown in FIG. 7 and 



includes a semi-insulating GaAs substrate 401. As 
shown, there are sequentially formed on the substrate 
401 a 400 nm thick undoped GaAs buffer layer 402, a 
1 00 nm thick undoped Al 0 2 Gao 8 As buffer layer 403, a 4 

5 nm thick Al 0 2 Gao >8 As electron supply layer 404 doped 
with 4 x 10 18 cm -3 of Si, a 2 nm thick undoped 
Alo^Gao.fiAs spacer layer 405, a 15 nm thick undoped 
ln 0 ^Gao.eAs channel layer 406, a 2 nm thick undoped 
Alo.2Gao.3As spacer layer 407, a 9 nm thick 

10 Alo.2Gao.8As electron supply layer 408 doped with 4 x 
1 0 18 cm" 3 of Si, a 1 0 nm thick AI0.2Gao.sAs gate contact 
layer 409 doped with 5 x 10 17 cm" 3 of Si, a 6 nm thick 
undoped GaAs gate buried layer 410, a 24 nm thick 
GaAs gate buried layer 41 1 doped with 5 x 10 16 cm" 3 of 

75 Si, a 6 nm thick Al 0 2 Gao gAs wide-recess stopper layer 
412 doped with 4 x 10 18 cm" 3 of Si, a 6 nm thick 
undoped GaAs layer 413 and a 100 a thick GaAs cap 
layer 414 doped with 4 x 10 18 cm" 3 of Si by epitaxial 
growth. To produce such an epitaxial wafer, use maybe 

20 made of the MBE scheme or the MOVPE scheme, as 
desired. 

[0033] A mask formed wide a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 41 4 and 41 3 are selectively etched with the wide- 

25 recess stopper layer 412 serving as a stopper layer. To 
so etch the GaAs layers 414 and 413, there may be 
used dry etching using a mixture of chloride gas con- 
taining only chlorine as a halogen element and fluoride 
gas containing only fluorine, e.g., a BCI 3 and SF 6 mix- 

30 ture. 

[0034] After the removal of the above mask, the GaAs 
layers 411 and 410 are selectively etched via a new 
mask formed with a gate recess pattern with the gate 
contact layer 409 serving as a stopper layer. As a result, 

35 the gate contact layer 409 is exposed to the outside. At 
this instant, the gate buried layers 41 1 and 410 are not 
overetched. A gate electrode 414 is formed on the 
exposed gate contact layer 409. This produces a struc- 
ture in which no gaps are present at the sides of the 

40 gate electrode 414. 

[0035] Subsequently, a source electrode 416 and a 
drain electrode 41 7 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

45 [Q036] FIG. 8 shows a conduction band profile in a 
direction X4-Y4 of FIG. 7. For comparison, the conduc- 
tion band profile of a conventional structure including an 
undoped gate contact layer, but lacking the undoped 
GaAs layers 410 and 413, is indicated by a dashed line 

so in FIG. 8. As shown, in the structure shown in FIG. 7, 
two-dimensional electron gas formed in the undoped 
GaAs layers 410 and 413 lowers the potential barrier 
and thereby increases the probability that electrons 
pass through the potential barrier of the Al^Gao 8 As 

55 layer 412 and a potential barrier formed by the 
Alo.2Gao.8As layers 409. 408 and 407, In addition, 
because no impurities are doped in the GaAs layer 410 
or 413, the scattering by ionized impurities is sup- 
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pressed and electron mobility is high in the layers 410 
and 41 3. Consequently, the contact resistance from the 
cap layer 414 to the channel layer 406 is successfully 
reduced. Further, two-dimensional electron gas formed 
in the undoped GaAs layer 410 having great electron 
mobility forms a low resistance current path (P2, FIG. 7) 
in addition to a current path (P1, FIG. 7) formed in the 
channel layer 406. The current path P2 serves to 
reduce the sheet resistance of the portion (S. FIG. 7) 
where the GaAs gate buried layer is exposed to the out- 
side. In addition, because the gate contact layer 409 is 
not exposed to the outside, the sheet resistance at this 
portion sparingly increases. 

[0037] With the structure of FIG. 7, an ON resistance 
as low as 1 .2 O • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 n • mm. 

5th Embodiment 

[0038] A fifth embodiment of the FET in accordance 
with the present invention is shown in FIG. 9 and 
includes a semi-insulating GaAs substrate 501. As 
shown, there are sequentially formed on the substrate 
501 a 400 nm thick undoped GaAs buffer layer 502, a 
100 nm thick undoped Al 0 2 Gao sAs buffer layer 503. a 4 
nm thick Al 0 ^Gao.sAs electron supply layer 504 doped 
with 4 x 10 18 cm' 3 of Si. a 2 nm thick undoped 
AJo^Gao sAs spacer layer 505, a 15 nm thick undoped 
Ino gGao sAs channel layer 506, a 2 nm thick undoped 
A'o^Gao.sAs spacer layer 507, a 9 nm thick 
Al 0 2 Gao. 8 As electron supply layer 508 doped with 4 x 
10 18 cm" 3 of Si, a 10 nm thick Al 0 2 Gao eAs gate contact 
layer 509 doped with 5 x 10 17 cm" 3 of Si, a 6 nm thick 
undoped GaAs gate buried layer 510, a 18 nm thick 
GaAs gate buried layer 51 1 doped with 5 x 10 16 cm" 3 of 
Si, a 6 nm thick undoped GaAs gate buried layer 512, a 
6 nm thick Al 0 2 Gao eAs wide-recess stopper layer 513 
doped with 4 x 10 16 cm" 3 of Si. a 6 nm thick undoped 
GaAs layer 514 and a 100 nm thick GaAs cap layer 515 
doped with 4 x 10 18 cm* 3 of Si by epitaxial growth. To 
produce such an epitaxial wafer, use may be made of 
the MBE scheme or the MOVPE scheme, as desired. 
[0039] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 51 5 and 51 4 are selectively etched with the wide- 
recess stopper layer 513 serving as a stopper layer. To 
so etch the GaAs layers 515 and 514, there may be 
used dry etching using a mixture of chloride gas con- 
taining only chlorine as a halogen element and fluoride 
gas containing only fluorine, e.g., a BQ3 and SF 6 mix- 
ture. 

[0040] After the removal of the above mask, the GaAs 
layers 512, 511 and 510 are selectively etched via a 
new mask formed with a gate recess pattern with the 
gate contact layer 509 serving as a stopper layer. As a 
result, the gate contact layer 509 is exposed to the out- 
side. At this instant the gate buried layers 512, 51 1 and 



510 are not overetched. A gate electrode 516 is formed 
on the exposed gate contact layer 509. This produces a 
structure in which no gaps are present at the sides of 
the gate electrode 516. 
5 [0041] Subsequently, a source electrode 517 and a 
drain electrode 51 8 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0042] FIG. 10 shows a conduction band profile in a 

10 direction X5-Y5 of FIG. 9. For comparison, the conduc- 
tion band profile of a conventional structure including an 
undoped gate contact layer, but lacking the undoped 
GaAs layers 510, 512 and 514. is indicated by a dashed 
line in FIG. 10. As shown, in the structure shown in FIG. 

is 9. twcrdimensional electron gas formed in the undoped 
GaAs layers 510, 512 and 514 lowers the potential bar- 
rier and thereby increases the probability that electrons 
pass through the potential barrier of the AI0.2Ga0.sAs 
layer 513 and a potential barrier formed by the 

20 A! 02 Ga<). 8 As layers 509, 508 and 507. In addition, 
because no impurities are doped in the GaAs layer 510, 
512 or 514, the scattering by ionized impurities is sup- 
pressed and electron mobility is high in the layers 510, 
51 2 and 51 4. Consequently, the contact resistance from 

25 the cap layer 515 to the channel layer 506 is success- 
fully reduced. Further, two-dimensional electron gas 
formed in the undoped GaAs layer 510 having great 
electron mobility forms a low resistance current path 
(P2, FIG. 9) in addition to a current path (P1, FIG. 9) 

30 formed in the channel layer 506. The current path P2 
serves to reduce the sheet resistance of the portion (S, 
FIG. 9) where the GaAs gate buried layer is exposed to 
the outside. In addition, because the gate contact layer 
509 is not exposed to the outside, the sheet resistance 

35 increase of this portion is suppressed. 

[0043] With the structure of FIG. 9, an ON resistance 
as low as 1 . 1 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.5n«mm. 

40 

6th Embodiment 

[0044] A sixth embodiment of the FET in accordance 
with the present invention is shown in FIG. 11 and 

45 includes a semi-insulating GaAs substrate 601. As 
shown, there are sequentially formed on the substrate 
601 a 400 nm thick undoped GaAs buffer layer 602, a 
1 00 nm thick undoped AIq 2 Gao. 8 As buffer layer 603. a 4 
nm thick Alo^Gao sAs electron supply layer 604 doped 

so with 4 x 10 18 cm* 3 of Si, a 2 nm thick undoped 
AI 02 Ga o a As spacer layer 605, a 15 nm thick undoped 
lno.2Gao.8As channel layer 606, a 2 nm thick undoped 
Alo^Gao.sAs spacer layer 607, a 9 nm thick 
AI 02 Ga 0 8 As electron supply layer 608 doped with 4 x 

55 1 o 18 cm 3 of Si, a 25 nm thick Alo^Gao sAs gate contact 
layer 609 doped with 5 x 10 17 cm" 3 of Si, a 15 nm thick 
undoped GaAs gate buried layer 610, a 6 nm thick 
AI 02 Ga 0 8 As wide-recess stopper layer 61 1 doped with 
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11 

4 x 10 18 cm" 3 of Si, a 6 nm thick undoped GaAs layer 
61 2 and a 1 00 nm thick GaAs cap layer 61 3 doped with 
4 x 10 18 cm" 3 of Si by epitaxial growth. To produce such 
an epitaxial wafer, use may be made of the MBE 
scheme or the MOVPE scheme, as desired. 5 
[0045] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 61 3 and 61 2 are selectively etched with the wide- 
recess stopper layer 61 1 serving as a stopper layer. To 
so etch the GaAs layers 613 and 612, there may be 10 
used dry etching using a mixture of chloride gas con- 
taining only chlorine as a halogen element and fluoride 
gas containing only fluorine, e.g., a BCI 3 and SF 6 mix- 
ture. 

[0046] After the removal of the above mask, the GaAs 15 
layer 610 is selectively etched via a new mask formed 
with a gate recess pattern with the gate contact layer 

609 serving as a stopper layer. As a result, the gate con- 
tact layer 609 is exposed to the outside. At this instant, 
the gate buried layer 61 0 is not over etched. A gate elec- 20 
trade 614 is formed on the exposed gate contact layer 
609. This produces a structure in which no gaps are 
present at the sides of the gate electrode 614. 

[0047] Subsequently, a source electrode 615 and a 
drain electrode 61 6 are formed by the evaporation lift-off 25 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0048] FIG. 12 shows a conduction band profile in a 
direction X6-Y6 of FIG. 1 1 . For comparison, the conduc- 
tion band profile of a conventional structure including an 30 
undoped gate contact layer and the GaAs layer 610 
doped with an n-type impurity, but lacking the undoped 
GaAs layer 61 2, is indicated by a dashed line in FIG. 12. 
As shown, in the structure shown in FIG. 1 1 , two-dimen- 
sional electron gas formed in the undoped GaAs layers 35 

610 and 612 lowers the potential barrier and thereby 
increases the probability that electrons pass through the 
potential barrier of the Alo^GaoaAs layer 611 and a 
potential barrier formed by the Al 0 2 Gao 8 As layers 609, 
608 and 607. In addition, because no impurities are 40 
doped in the GaAs layer 612 or 610, the scattering by 
ionized impurities is suppressed and electron mobility is 
high in the layers 612 and 610. Consequently, the con- 
tact resistance from the cap layer 614 to the channel 
layer 606 is successfully reduced. Further, two-dimen- 45 
sional electron gas formed in the undoped GaAs layer 
610 having high electron mobility forms a low resistance 
current path (P2, FIG. 1 1) in addition to a current path 

(P1 , FIG. 11) formed in the channel layer 606. The cur- 
rent path P2 serves to reduce the sheet resistance of so 
the portion (S, FIG. 11) where the GaAs gate buried 
layer is exposed to the outside. In addition, because the 
gate contact layer 609 is not exposed to the outside, the 
sheet resistance increase of this portion is suppressed. 
[0049] With the structure of FIG. 11, an ON resistance 55 
as low as 1 .1 O * mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.5 n* mm. 



7th Embodiment 

[0050] A seventh embodiment of the FET in accord- 
ance with the present invention is shown in FIG. 13 and 
includes a semi-insulating GaAs substrate 701. As 
shown, there are sequentially formed on the substrate 
701 a 400 nm thick undoped GaAs buffer layer 702, a 
1 00 nm thick undoped Al 0 2 Gao 8 As buffer layer 703, a 4 
nm thick Al 0 2 Gao 8 As electron supply layer 704 doped 
with 4 x 10 18 cm' 3 of Si, a 2 nm thick undoped 
AI0.2Ga0.sAs spacer layer 705, a 15 nm thick undoped 
lno.2Gao.sAs channel layer 706. a 2 nm thick undoped 
AI0.2Ga0.sAs spacer layer 707. a 9 nm thick 
Alo.2Gao.3As electron supply layer 708 doped with 4 x 
10 18 cm" 3 of Si. a 10 nm thick undoped Alo^Gao.sAs 
gate contact layer 709, a 20 nm thick GaAs gate buried 
layer 710 doped with 5 x 10 16 cm" 3 of Si, a 6 nm thick 
GaAs gate buried layer 71 1 doped with 1 x 10 18 cm" 3 of 
Si, a 4 nm thick GaAs gate buried layer 712 doped with 
5 x 10 10 cm" 3 of Si, a 6 nm thick AI 0 . 2 Gao. 8 As wide- 
recess stopper layer 71 3 doped with 4 x 1 0 18 cm" 3 of Si, 
a 6 nm thick undoped GaAs layer 714 and a 100 nm 
thick GaAs cap layer 715 doped with 4 x 10 18 cm" 3 of Si 
by epitaxial growth. To produce such an epitaxial wafer, 
use may be made of the MBE scheme or the MOVPE 
scheme, as desired. 

[0051] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 715 and 714 are selectively etched with the wide- 
recess stopper layer 713 serving as a stopper layer. To 
so etch the GaAs layers 715 and 714. there may be 
used dry etching using a mixture of chloride gas con- 
taining only chlorine as a halogen element and fluoride 
gas containing only fluorine, e.g., a BCI 3 and SF 6 mix- 
ture. 

[0052] After the removal of the above mask, the GaAs 
layers 712, 711 and 710 are selectively etched via a 
new mask formed with a gate recess pattern with the 
gate contact layer 709 serving as a stopper layer. As a 
result, the gate contact layer 709 is exposed to the out- 
side. At this instant, the gate buried layers 712, 71 1 and 
710 are not overetched. A gate electrode 716 is formed 
on the exposed gate contact layer 709. This produces a 
structure in which no gaps are present at the sides of 
the gate electrode 716. 

[0053] Subsequently, a source electrode 71 7 and a 
drain electrode 71 8 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0054] FIG. 14 shows a conduction band profile in a 
direction X7-Y7 of FIG. 13. For comparison, the conduc- 
tion band profile of a conventional structure lacking a 
GaAs layer doped with a high concentration, n-type 
impurity is indicated by a dashed line in FIG. 14. As 
shown, in the structure shown in FIG. 13, a depletion 
layer tending to extend from the surface of the GaAs 
layer 712 toward the channel side stops in the GaAs lay- 
ers 712, 71 1 and 710. This is successful to obstruct the 



BNSDOC1D: <EP 094(»55A2J_> 



13 



EP 0 940 855 A2 



14 



rise of a conduction band at the surface side in the 
channel, so that a great amount of electrons can be 
stored in the above layer. Further, a current path is 
formed not only in the channel (P1, FIG. 13) but also in 
the gate buried layer (P2, FIG. 13), so that the sheet 5 
resistance is reduced in the exposed portion of the 
GaAs gate buried layer (S, FIG. 1 3). 
[0055] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layer 714 lowers the 
potential barrier of the AI 02 Gao 8 As layer 713 and io 
thereby increases the probability that electrons pass 
through the potential barrier of the AJ0.2Ga0.sAs layer 
713. In addition, because no impurities are doped in the 
GaAs layer 714, the scattering by ionized impurities is 
suppressed and electron mobility is high in the layer. 15 
Consequently, the contact resistance from the cap layer 
715 to the channel layer 706 is successfully reduced. In 
addition, because the gate contact layer 709 is not 
exposed to the outside, the sheet resistance increase of 
this portion is suppressed. 20 
[0056] With the structure of FIG. 13, an ON resistance 
as low as 1 .2 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 a • mm. 

25 

8th Embodiment 

[0057] An eighth embodiment of the FET in accord- 
ance with the present invention is shown in FIG. 15 and 
includes a semi-insulating GaAs substrate 801. As 30 
shown, there are sequentially formed on the substrate 
801 a 400 nm thick undoped GaAs buffer layer 802, a 
100 nm thick undoped Al 0 ^Gao.sAs buffer layer 803, a 4 
nm thick Al 0 2 Gao 8 As electron supply layer 804 doped 
with 4 x 10 18 cm" 3 of Si, a 2 nm thick undoped 3s 
Alo.2Gao.8As spacer layer 805. a 15 nm thick undoped 
ln o.2Gao.8As channel layer 806, a 2 nm thick undoped 
Alo.2Gao.8As spacer layer 807, a 9 nm thick 
Alo.2Gao. 8 As electron supply layer 808 doped with 4 x 
10 18 cm" 3 of Si. a 10 nm thick undoped AIq 2 Gao 8 As 40 
gate contact layer 809. a 18 nm thick GaAs gate buried 
layer 810 doped with 5 x 10 16 cm 3 of Si. a 6 nm thick 
GaAs gate buried layer 81 1 doped with 1 x 10 18 cm" 3 of 
Si, a 6 nm thick GaAs gate buried layer 812 doped with 
5 x 10 16 cm* 3 of Si, a 6 nm thick A^Ga^As wide- 45 
recess stopper layer 813 doped with 4 x 10 18 cm" 3 of Si, 
a 6 nm thick undoped GaAs layer 814 and a 100 nm 
thick GaAs cap layer 815 doped with 4 x 1 0 18 cm" 3 of Si 
by epitaxial growth. To produce such an epitaxial wafer, 
use may be made of the MBE scheme or the MOVPE so 
scheme, as desired. 

[0058] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 815 and 814 are selectively etched with the wide- 
recess stopper layer 81 3 serving as a stopper layer. To 55 
so etch the GaAs layers 815 and 814, there may be 
used dry etching using a mixture of chloride gas con- 
taining only chlorine as a halogen element and fluoride 



gas containing only fluorine, e.g., a BCJ 3 and SF 6 mix- 
ture. 

[0059] After the removal of the above mask, the GaAs 
layers 812, 811 and 810 are selectively etched via a 
new mask formed with a gate recess pattern with the 
gate contact layer 809 serving as a stopper layer. As a 
result, the gate contact-layer 809 is exposed to the out- 
side. At this instant, the gate buried layers 81 2, 81 1 and 
810 are not overetched. A gate electrode 816 is formed 
on the exposed gate contact layer 809. This produces a 
structure in which no gaps are present at the sides of 
the gate electrode 816. 

[0060] Subsequently, a source electrode 817 and a 
drain electrode 818 are formed by the evaporation liftoff 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0061] FIG. 16 shows a conduction band profile in a 
direction X8-Y8 of FIG. 15. For comparison, the conduc- 
tion band profile of a conventional structure tacking the 
undoped GaAs layers 814 and 812 and GaAs layer 81 1 
doped with a high concentration, n-type impurity is indi- 
cated by a dashed line in FIG. 15. As shown, in the 
structure shown in FIG. 15, the high concentration dop- 
ing of the GaAs layer 811 stops the extension of a 
depletion layer from the surface of the GaAs layer 81 2 in 
the GaAs layers 812, 81 1 and 810. This is successful to 
obstruct the rise of a conduction band at the surface 
side in the channel right below the exposed GaAs layer, 
so that a great amount of electrons can be stored in the 
above layer. Further, a current path is formed not only in 
the channel (PI, FIG. 16) but also in the gate buried 
layer (P2, FIG. 15), so that the sheet resistance is 
reduced in the exposed portion of the GaAs gate buried 
layer (S, FIG. 16). 

[0062] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layers 812 and 814 lowers 
the potential barrier and thereby increases the probabil- 
ity that electrons pass through the potential barrier of 
the Alo gGao sAs layer 813. In addition, because no 
impurities are doped in the GaAs layer 812 or 814. the 
scattering by ionized impurities is suppressed and elec- 
tron is high in the layers 81 2 and 81 4. Consequently, the 
contact resistance from the cap layer 815 to the channel 
layer 806 is successfully reduced. In addition, because 
the gate contact layer 809 is not exposed to the outside, 
the sheet resistance increase of this portion is sup- 
pressed. 

[0063] With the structure of FIG. 1 5, an ON resistance 
as low as 1 . 1 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.5 n- mm. 

9th Embodiment 

[0064] A ninth embodiment of the FET in accordance 
with the present invention is shown in FIG. 17 and 
includes a semi-insulating GaAs substrate 901. As 
shown, there are sequentially formed on the substrate 
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901 a 400 nm thick undoped GaAs buffer layer 902, a 
1 00 nm thick undoped Al 0 2 Gao 8 As buffer layer 903, a 4 
nm thick Al 0 2 Gao. 8 As electron supply layer 904 doped 
with 4 x 10 18 cm 3 of Si, a 2 nm thick undoped 
Al 0 2 Gao.8As spacer layer 905, a 15 nm thick undoped 
ln 0 2 Gao 8 As channel layer 906, a 2 nm thick undoped 
AI 02 Gao. 8 As spacer layer 907, a 9 nm thick 
Al 0 .2Gao. 8 As electron supply layer 908 doped with 4 x 
10 18 cm' 3 of Si. a 10 nm thick Al 0 . 2 Gao.eAs gate contact 
layer 909 doped with 5 x 10 17 cm' 3 of Si, a 15 nm thick 
undoped GaAs gate buried layer 910, a 6 nm thick 
GaAs gate buried layer 91 1 doped with 1 x 10 18 cm" 3 of 
Si, a 9 nm thick GaAs gate buried layer 912 doped with 
5 x 10 16 cm' 3 of Si, a 6 nm thick Alo. 2 Gao. 8 As wide- 
recess stopper layer 913 doped with 4 x 10 18 cm' 3 of Si, 
a 6 nm thick undoped GaAs layer 914 and a 100 nm 
thick GaAs cap layer 91 5 doped with 4 x 10 18 cm" 3 of Si 
by epitaxial growth. To produce such an epitaxial wafer, 
use may be made of the MBE scheme or the MOVPE 
scheme, as desired. 

[0065] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 91 5 and 91 4 are selectively etched with the wide- 
recess stopper layer 913 serving as a stopper layer. To 
so etch the GaAs layers 815 and 814, there may be 
used dry etching using a mixture of chloride gas con- 
taining only chlorine as a halogen element and fluoride 
gas containing only fluorine, e.g.. a BCI 3 and SF 6 mix- 
ture. 

[0066] After the removal of the above mask, the GaAs 
layers 912, 911 and 910 are selectively etched via a 
new mask formed with a gate recess pattern with the 
gate contact layer 909 serving as a stopper layer. As a 
result, the gate contact layer 909 is exposed to the out- 
side. At this instant, the gate buried layers 912, 91 1 and 
910 are not overetched. A gate electrode 916 is formed 
on the exposed gate contact layer 909. This produces a 
structure in which no gaps are present at the sides of 
the gate electrode 916. 

[0067] Subsequently, a source electrode 917 and a 
drain electrode 918 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0068] In the structure shown in FIG. 1 7, the high con- 
centration doping of the GaAs layer 911 stops the 
extension of a depletion layer from the surface of the 
GaAs layer 912 in the GaAs layers 912, 911 and 910. 
This is successful to obstruct the rise of a conduction 
band at the surface side in the channel right below the 
exposed GaAs layer, so that a great amount of electrons 
can be stored in the above layer. Further, two-dimen- 
sional electron gas is formed in the GaAs layer 910. 
This, coupled with the fact that the GaAs layer 910 is 
undoped, reduces diffusion and therefore enhances 
mobility. A low resistance current path (P2, FIG. 17) is 
formed by the undoped GaAs layer 910 in addition to a 
current path (P1, FIG. 17) formed by the channel layer 
906. Consequently , the sheet resistance is reduced in 



the portion where the GaAs gate buried layer 912 is 
exposed (S, FIG. 17). 

[0069] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layers 910 and 914 lowers 

5 the potential barrier and thereby increases the probabil- 
ity that electrons pass through the potential barrier of 
the AI 02 Gao. 8 As layer 913 and a potential barrier 
formed by the Al 0 2 Gao 8 As layers 909, 908 and 907. 
Because electron mobility in the undoped GaAs layers 

10 910 and 914 is high, the contact resistance from the cap 
layer 915 to the channel layer 906 is lowered. In addi- 
tion, because the gate contact layer 909 is not exposed 
to the outside, the sheet resistance increase of this por- 
tion is suppressed. 

15 [0070] With the structure of FIG. 1 7, an ON resistance 
as low as 1 .1 fl • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.5 ft* mm. 

20 10th Embodiment 

[0071 ] A tenth embodiment of the FET in accordance 
with the present invention is shown in FIG. 18 and 
includes a semi-insulating GaAs substrate 1001. As 

25 shown, there are sequentially formed on the substrate 
1001 a 400 nm thick undoped GaAs buffer layer 1002, a 
100 nm thick undoped AIq 2 Gao 8 As buffer layer 1003, a 
4 nm thick AI0.2Gao.sAs electron supply layer 1004 
doped with 4 x 10 18 cm" 3 of Si. a 2 nm thick undoped 

30 Alo.2Gao. 8 As spacer layer 1 005, a 1 5 nm thick undoped 
lno.2Gao.sAs channel layer 1006, a 2 nm thick undoped 
AI 0 2Gao. 8 As spacer layer 1007, a 9 nm thick 
AI0.2Ga0.sAs electron supply layer 1008 doped with 4 x 
10 18 cm" 3 of Si, a 10 nm thick AI0.2Gao.3As gate contact 

35 layer 1009 doped with 5 x 10 17 cm' 3 of Si. a 15 nm thick 
undoped GaAs gate buried layer 1010, a 5 nm thick 
GaAs gate buried layer 1011 doped with 1 x 10 18 cm' 3 
of Si. a 10 nm thick undoped GaAs gate buried layer 
1012, a 6 nm thick A^Ga^As wide-recess stopper 

40 layer 1013 doped with 4 x 10™ cm" 3 of Si. a 6 nm thick 
undoped GaAs layer 1 0 1 4 and a 1 00 nm thick GaAs cap 
layer 1015 doped with 4 x 10 18 cm" 3 of Si by epitaxial 
growth. To produce such an epitaxial wafer, use may be 
made of the MBE scheme or the MOVPE scheme, as 

45 desired. 

[0072] A mask formed with a wide recess pattern is 
formed on the above epitaxial wafer. Then, the GaAs 
layers 1015 and 1014 are selectively etched with the 
wide-recess stopper layer 1013 serving as a stopper 
so layer. To so etch the GaAs layers 1015 and 104, there 
may be used dry etching using a mixture of chloride gas 
containing only chlorine as a halogen element and fluo- 
ride gas containing only fluorine, e.g., a BCI 3 and SF 6 
mixture. 

55 [0073] After the removal of the above mask, the GaAs 
layers 1012, 1011 and 1010 are selectively etched via 
anew mask formed with a gate recess pattern with the 
gate contact layer 1009 serving as a stopper layer. As a 
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result, the gate contact layer 1 009 is exposed to the out- 
side. At this instant, the gate buried layers 1012, 1011 
and 1010 are not overetched. A gate electrode 1016 is 
formed on the exposed gate contact layer 1009. This 
produces a structure in which no gaps are present at 5 
the sides of the gate electrode 1016. 
[0074] Subsequently, a source electrode 1 01 7 and a 
drain electrode 1018 are formed by the evaporation lift- 
off and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 70 
[0075] In the structure shown in FIG. 1 8, the high con- 
centration doping of the GaAs layer 1011 stops the 
extension of a depletion layer from the surface of the 
GaAs layer 1012 in the GaAs layers 1012. 1011 and 
1010. This is successful to obstruct the rise of a conduc- 15 
tion band at the surface side in the channel right below 
the exposed GaAs layer 1012, so that a great amount of 
electrons can be stored in the above layer. Further, two- 
dimensional electron gas is formed in the GaAs layer 
1010. This, coupled with the fact that the GaAs layer 20 
1010 is undoped. reduces diffusion and therefore 
enhances mobility. A low resistance current path (P2, 
FIG. 18) is formed by the undoped GaAs layer 1010 in 
addition to a current path (P1, FIG. 18) formed by the 
channel layer 1 006. Consequently the sheet resistance 25 
is reduced in the portion where the GaAs gate buried 
layer 1012 is exposed (S. FIG. 18). 
[0076] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layers 1010, 1012 and 
1014 lowers the potential barrier and thereby increases 30 
the probability that electrons pass through the potential 
barrier of the Al 0 2 Gao 8 As layer 1013 and a potential 
barrier formed by the MozGao&te layers 1009, 1008 
and 1007. Because electron mobility in the undoped 
GaAs layers 1010, 1012 and 1014 is high, the contact 3s 
resistance from the cap layer 1015 to the channel layer 
1006 is lowered. In addition, because the gate contact 
layer 1009 is not exposed to the outside, the sheet 
resistance increase of this portion is suppressed. 
[0077] With the structure of FIG. 18, an ON resistance 40 
as low as 1 .0 Q ■ mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.6 n -mm. 

11th Embodiment 45 

[0078] RG. 1 9 shows an eleventh embodiment of the 
FET in accordance with the present invention. This 
embodiment uses the epitaxial wafer produced in the 
first embodiment. As shown, after a mask formed with a so 
wide recess pattern has been formed on the epitaxial 
wafer, the GaAs layers 113 and 112 are selectively 
etched with the wide-recess stopper layer 1 1 1 serving 
as a stop layer. To so etch the two layers 1 13 and 1 12, 
there may be used dry etching using the ECR etching ss 
system or the RIE system and a mixture of chloride gas 
containing only chlorine as a halogen element and fluo- 
ride gas containing only fluorine, e.g., a BCI 3 and SF 6 



mixture. 

[0079] After the removal of the above mask, the GaAs 
gate buried layer 110 is selectively etched via a new 
mask formed with a gate recess pattern with the gate 
contact layer 1 09 serving as a stopper layer. As a result 
the undoped gate contact layer 109 is exposed to the 
outside. At this instant, the buried layer 110 is over- 
etched in order to cause etching to proceed in the hori- 
zontal direction of the gate buried layer 1 10. When the 
gate electrode 1 14 is formed on the exposed gate con- 
tact layer 109, gaps are formed at the sides of the gate 
electrode 114. For example, when 100 % overetching 
was effected by using a BCI 3 and SF 6 gas mixture, gaps 
of about 20 nm were formed at the sides of the gate 
electrode 1 1 4. Such gaps should preferably be about 1 0 
nm to about 50 nm. 

[0080] Subsequently, the source electrode 115 and 
drain electrode 1 16 are formed by the evaporation lift-off 
and alloying (e.g. 400°C/1 min) of AuGe, serving as 
ohmic electrodes. 

[0081] In the structure shorn in FIG. 19, two-dimen- 
sional electron gas formed in the undoped GaAs layer 
112 lowers the potential barrier and thereby increases 
the probability that electrons pass through the potential 
barrier of the stopper layer 1 1 1 . In addition, because no 
impurities are doped in the GaAs layer 112, the scatter- 
ing by ionized impurities is suppressed and electron 
mobility is hig in the layer. Consequently, the contact 
resistance from the cap layer 113 to the channel layer 
106 is successfully reduced. With the structure of FIG. 
19, an ON resistance as low as 1.5 ft -mm was 
achieved. This ON resistance is lower than the ON 
resistance of conventional FETs by 0.1 ft • mm. Also, a 
gate breakdown voltage of 15 V was achieved because 
of the gaps formed at the sides of the gate electrode 
114. 

12th Embodiment 

[0082] FIG. 20 shows a twelfth embodiment of the 
FET in accordance with the present invention. This 
embodiment executes the process of the eleventh 
embodiment by using the epitaxial layer of the second 
embodiment. As shown, gaps are formed at the sides of 
the gate electrode 215. 

[0083] In the structure shown in FIG. 20, two-cGmen- 
sional electron gas formed in the undoped GaAs layers 
213 and 211 lowers the potential barrier and thereby 
increases the probabiDty that electrons pass through the 
potential barrier of the stopper layer 212. In addition, 
because no impurities are doped in the GaAs layer 213 
or 211, the scattering by ionized impurities is sup- 
pressed and electron mobility is high in the layers 213 
and 21 1 . Consequently, the contact resistance from the 
cap layer 214 to the channel layer 206 is successfully 
reduced. With the structure of FIG. 20, an ON resist- 
ance as low as 1.2 ft -mm was achieved. This ON 
resistance is lower than the ON resistance of conven- 
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tional FETs by 0.2 n • mm. Also, a gate breakdown volt- 
age of 15 V was achieved because of the gaps formed 
at the sides of the gate electrode 215. 

13th Embodiment 5 

[0084] FIG. 21 shows a thirteenth embodiment of the 
FET in accordance with the present invention. This 
embodiment executes the process of the eleventh 
embodiment by using the epitaxial wafer of the third 10 
embodiment. As shown, gaps are formed at the sides of 
the gate electrodes 314. 

[0085] In the structure shown in FIG. 21, two-dimen- 
sional electron gas formed in the undoped GaAs layer 
310 lowers the potential barrier and thereby increases is 
the probability that electrons pass through the potential 
barrier formed by the AI 05 Gao. 8 As layers 309, 308 and 
307. In addition, because no impurities are doped in the 
GaAs layer 313, the scattering by ionized impurities is 
suppressed and electron mobility is high in the layer. 20 
Consequently, the contact resistance from the cap layer 
313 to the channel layer 306 is successfully reduced. 
Further, two-dimensional electron gas formed in the 
undoped GaAs layer 310 having high electron mobility 
forms a low resistance current path (P2, FIG. 21) in 25 
addition to a current path (P1, FIG. 21) formed in the 
channel layer 306. The current path P2 serves to 
reduce the sheet resistance of the portion (S, FIG. 21) 
where the GaAs gate buried layer is exposed to the out- 
side. 30 
[0086] Wrth the structure of FIG. 21 , an ON resistance 
as low as 1 .4 a • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.2 a • mm. Also, a gate breakdown voltage of 1 5 V was 
achieved because of the gaps formed at the sides of the 35 
gate electrode 314. 

14th Embodiment 

[0087] FIG. 22 shows a fourteenth embodiment of the 40 
FET in accordance with the present invention. This 
embodiment executes the process of FIG. 11 by using 
the epitaxial wafer of the fourth embodiment. As shown, 
gaps are formed at the sides of the gate electrode 415. 
[0088] In the structure shown in FIG. 22, two-dimen- 45 
sional electron gas formed in the undoped GaAs layers 
410 and 413 lowers the potential barrier and thereby 
increases the probability that electrons pass through the 
potential barrier of the Al 0 ^Gao gAs layer 412 and a 
potential barrier formed by the Al 0 2 Gao 8 As layers 409. so 
408 and 407. In addition, because no impurities are 
doped in the GaAs layer 410 or 413. the scattering by 
ionized impurities is suppressed and electron mobility is 
high in the layers 410 and 413. Consequently, the con- 
tact resistance from the cap layer 414 to the channel ss 
layer 406 is successfully reduced. Further, two-dimen- 
sional electron gas formed in the undoped GaAs layer 
410 having great electron mobility forms a low resist- 



20 

ance current path (P2, FIG. 22) in addition to a current 
path (P1 , FIG. 22) formed in the channel layer 406. The 
current path P2 serves to reduce the sheet resistance of 
the portion (S, FIG. 22) where the GaAs gate buried 
layer is exposed to the outside. 
[0089] With the structure of FIG. 22, an ON resistance 
as low as 1 .3 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.3 CI • mm. Also, a gate breakdown voltage of 1 5 V was 
achieved because of the gaps formed at the sides of the 
gate electrode 41 5. 

15th Embodiment 

[0090] FIG. 23 shows a fifteenth embodiment of the 
FET in accordance with the present invention. This 
embodiment executes the process of the eleventh 
embodiment by using the epitaxial wafer of the fifth 
embodiment. As shown, gaps are formed at the sides of 
the gate electrodes 516. 

[0091] In the structure shorn in FIG. 23, two-dimen- 
sional electron gas formed in the undoped GaAs layers 
510, 512 and 514 lowers the potential barrier and 
thereby increases the probability that electrons pass 
through the potential barrier of the Al 0 . 2 <3ao.8As layer 
513 and a potential barrier formed by trie Al 02 Ga 0 . 8 As 
layers 509, 508 and 507. In addition, because no impu- 
rities are doped in the GaAs layer 510, 512 or 514, the 
scattering by ionized impurities is suppressed and elec- 
tron mobility is high in the layers 51 0, 51 2 and 514. Con- 
sequently, the contact resistance from the cap layer 51 5 
to the channel layer 506 is successfully reduced. Fur- 
ther, two-dimensional electron gas formed in the 
undoped GaAs layer 510 having high electron mobility 
forms a low resistance current path (P2, FIG. 23) in 
addition to a current path <P1, FIG. 23) formed in the 
channel layer 506. The current path P2 serves to 
reduce the sheet resistance of the portion (S, FIG. 23) 
where the GaAs gate buried layer is exposed to the out- 
side. 

[0092] With the structure of FIG. 23. an ON resistance 
as low as 1 .2 O • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 n • mm. Also, a gate breakdown voltage of 1 5 V was 
achievable because of the gaps formed at the sides of 
the gate electrode 516. 

16th Embodiment 

[0093] FIG. 24 shows a sixteenth embodiment of the 
FET in accordance with the present invention. This 
embodiment executes the process of FIG. 1 1 by using 
the epitaxial wafer of the sixth embodiment. As shown, 
gaps are formed at the sides of the gate electrode 614. 
In the structure shown in FIG. 24, two-dimensional elec- 
tron gas formed in the undoped GaAs layers 610 and 
612 lowers the potential barrier and thereby increases 
the probability that electrons pass through the potential 
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barrier of the AI 02 Gao 8 As layer 61 1 and a potential bar- 
rier formed by the Aio^GaaaAs layers 609, 608 and 
607. In addition, because no impurities are doped in the 
GaAs layer 612 or 610, the scattering by ionized impuri- 
ties is suppressed and electron mobility is high in the 5 
layers 612 and 610. Consequently, the contact resist- 
ance from the cap layer 614 to the channel layer 606 is 
successfully reduced. Further, two-dimensional elec- 
tron gas formed in the undoped GaAs layer 610 having 
high electron mobility forms a low resistance current w 
path (P2, FIG. 24) in addition to a current path (P1 , FIG. 
24) formed in the channel layer 606. The current path 
P2 serves to reduce the sheet resistance of the portion 
(S. FIG. 24) where the GaAs gate buried layer is 
exposed to the outside. 15 
[0094] With the structure of FIG. 24, an ON resistance 
as low as 1 .2 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 ft • mm. Also, a gate breakdown voltage of 15 V was 
achieved because of the gaps formed at the sides of the 20 
gate electrode 614. 

17th Embodiment 

[0095] FIG. 25 shows a seventeenth embodiment of 25 
the FET in accordance with the present invention. This 
embodiment executes the procedure of the eleventh 
embodiment by using the epitaxial layer of the seventh 
embodiment. As shown, gaps are formed at the sides of 
the gate electrode 71 6. 30 
[0096] In the structure shown in FIG. 25, a depletion 
layer tending to extend from the surface o1 the GaAs 
layer 712 toward the channel side stops in the GaAs lay- 
ers 712, 71 1 and 710. This is successful to obstruct the 
rise of a conduction band at the surface side in the 35 
channel, so that a great amount of electrons can be 
stored in the above layer. Further, a current path is 
formed not only in the channel (P1 , FIG. 25) but also in 
the gate buried layer (P2, FIG. 25), so that the sheet 
resistance is reduced in the exposed portion of the 40 
GaAs gate buried layer (S. FIG. 25). Moreover, two- 
dimensional electron gas formed in the undoped GaAs 
layer 714 lowers the potential barrier ol the Alo^Ga* 8 As 
layer 713 and thereby increases the probabahy that 
electrons pass through the potential barrier of the 45 
AI 0 2 Gao 8 As layer 713. In addition, because no impuri- 
ties are doped in the GaAs layer 714, the scattering by 
ionized impurities is suppressed and electron mobility is 
high in the layer 714. Consequently, the contact resist- 
ance from the cap layer 71 5 to the channel layer 706 is so 
successfully reduced. 

[0097] With the structure of FIG. 25. an ON resistance 
as low as 1 .3 ft • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.3 n • mm. Also, a gate breakdown voltage of 15 V was ss 
achievable because of the gaps formed at the sides of 
the gate electrode 716. 



18th Embodiment 

[0098] FIG. 26 shows an eighteenth embodiment of 
the FET in accordance with the present invention. This 
embodiment executes the process of eleventh embodi- 
ment by using the epitaxial layer of the eighth embodi- 
ment. As shown, gaps are formed at the sides of the 
gate electrode 816. 

[0099] In the structure shown in FIG. 26, the high con- 
centration doping of the GaAs layer 811 stops the 
extension of a depletion layer from the surface of the 
GaAs layer 812 toward the channel side in the GaAs 
layers 812, 81 1 and 810. This is successful to obstruct 
the rise of a conduction band at the surface side in the 
channel right below the exposed GaAs layer, so that a 
great amount of electrons can be stored in the above 
layer. Further, a current path is formed not only in the 
channel (P1, FIG. 26) but also in the gate buried layer 
(P2, FIG. 26). so that the sheet resistance is reduced in 
the exposed portion of the GaAs gate buried layer (S 
FIG. 26). 

[0100] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layers 812 and 814 lowers 
the potential barrier and thereby increases the probabil- 
ity that electrons pass through the potential barrier of 
the AI 02 Gao. 8 As layer 813. In addition, because no 
impurities are doped in the GaAs layer 812 or 814, the 
scattering by ionized impurities is suppressed and elec- 
tron mobility is high in the layers 812 and 814. Conse- 
quently, the contact resistance from the cap layer 81 5 to 
the channel layer 806 is successfully reduced. 
[01 01 ] With the structure of FIG. 26, an ON resistance 
as low as 1 .2 ft • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 n • mm. Also, a gate breakdown voltage of 1 5 V was 
achievable because of the gaps formed at the sides of 
the gate electrode 816. 

19th Embodiment 

[01 02] FIG. 27 shows a nineteenth embodiment of the 
FET in accordance with the present invention. This 
embodiment executes the procedure of the eleventh 
embodiment by using the epitaxial wafer of the ninth 
embodiment. As shown, gaps are formed at the sides of 
the gate electrode 916. 

[01 03] In the structure shown in FIG. 27, the high con- 
centration doping of the GaAs layer 911 stops the 
extension of a depletion layer from the surface of the 
GaAs layer 912 toward the channel side in the GaAs 
layers 912, 91 1 and 910. This is successful to obstruct 
the rise of a conduction band at the surface side in the 
channel right below the exposed GaAs layer, so that a 
great amount of electrons can be stored in the above 
layer. Further, two-dimensional electron gas is formed in 
the GaAs layer 910. This, coupled with the fact that the 
GaAs layer 910 is undoped. reduces diffusion and 
therefore enhances mobility. A low resistance current 
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path (P2, FIG. 27) is formed by the undoped GaAs layer 
91 0 in addition to a current path (P1 , FIG. 27) formed by 
the channel layer 906. Consequently, the sheet resist- 
ance is reduced in the portion where the GaAs gate bur- 
ied layer 912 is exposed (S, FIG. 27). 
[0104] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layers 910 and 914 lowers 
the potential barrier and thereby increases the probabil- 
ity that electrons pass through the potential barrier of 
the Alo^Gao.eAs layer 913 and a potential barrier 
formed by the Al 0 2 Gao. e As layers 909, 908 and 907. 
Because electron mobility in the undoped GaAs layers 
91 0 and 91 4 is high, the contact resistance from the cap 
layer 91 5 to the channel layer 906 is lowered. 
[01 05] With the structure of FIG. 27, an ON resistance 
as low as 1 .2 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 ft • mm. Also, a gate breakdown voltage of 15 V was 
achieved because of the gaps formed at the sides of the 
gate electrode 916. 

20th Embodiment 

[01 06] FIG. 28 shows a twentieth embodiment of the 
FET in accordance with the present invention. This 
embodiment executes the process of the eleventh 
embodiment by using the epitaxial wafer of the tenth 
embodiment. As shown, gaps are formed at the sides of 
the gate electrode 1016. 

[01 07] In the structure shown in FIG. 28, the high con- 
centration doping of the GaAs layer 1011 stops the 
extension of a depletion layer from the surface of the 
GaAs layer 1012 toward the channel side in the GaAs 
layers 1012, 1011 and 1010. This is successful to 
obstruct the rise of a conduction band at the surface 
side in the channel right below the exposed GaAs layer 
1012, so that a great amount of electrons can be stored 
in the above layer. Further, two-dimensional electron 
gas is formed in the GaAs layer 1010. This, coupled with 
the fact that the GaAs layer 1010 is undoped, reduces 
diffusion and therefore enhances mobility. A low resist- 
ance current path (P2, FIG. 28) is formed by the 
undoped GaAs layer 1010 in addition to a current path 
(P1 , FIG. 28) formed by the channel layer 1 006. Conse- 
quently, the sheet resistance is reduced in the portion 
where the GaAs gate buried layer 1012 is exposed (S, 
FIG. 28). 

[0108] Moreover, two-dimensional electron gas 
formed in the undoped GaAs layers 1010, 1012 and 
1014 lowers the potential barrier and thereby increases 
the probability that electrons pass through the potential 
barrier of the AI 0 2 Gao.8As layer 1013 and a potential 
barrier formed by the Alo. 2 Gao >8 As layers 1009, 1008 
and 1007. Because electron mobility in the undoped 
GaAs layers 1010, 1012 and 1014 is high, the contact 
resistance from the cap layer 1015 to the channel layer 
1006 is lowered. 

[01 09] With the structure of FIG. 28, an ON resistance 



as low as 1 . 1ft • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.5 ft • mm. Also, a gate breakdown voltage of 15 V was 
achieved because of the gaps formed at the sides of the 
5 gate electrode 1016. 

21st Embodiment 

[01 1 0] Referring to FIG. 29, a twenty-first embodiment 

10 of the FET in accordance with the present invention is 
shown and includes a semi-insulating GaAs substrate 
2101. As shown, there are sequentially formed on the 
substrate 2101 a 400 nm thick undoped GaAs buffer 
layer 2102. a 100 nm thick undoped AI0.2Gao.8As buffer 

is layer 2103, a 4 nm thick AI 0 2 Gao 8 As electron supply 
layer 2104 doped with 4 x 10 18 cm' 3 of Si, a 2 nm thick 
undoped AI0.2Gao.sAs spacer layer 2105, a 15 nm thick 
undoped ln0.2Gao.sAs channel layer 2106, a 2 nm thick 
undoped AI0.2Gao.8As spacer layer 2107, a 9 nm thick 

» Al 0 2 Gao. 8 As electron supply layer 2108 doped with 4 x 
10 18 cm" 3 of Si, a 10 nm thick Al 0 2 Gao 8 As gate contact 
layer 21 09 doped with 5 x 1 0 17 cm" 3 of Si, a 30 nm thick 
GaAs gate buried layer 21 10 doped with 5 x 10 16 cm -3 
of Si, a 6 nm thick Al 0 ^Gao.sAs wide-recess stopper 

25 layer 21 1 1 doped with 4 x 10 18 cm" 3 of Si and a 100 nm 
thick GaAs cap layer 21 12 doped with 4 x 10 18 cm* 3 of 
Si by epitaxial growth. To produce such an epitaxial 
wafer, use may be made of the MBE scheme or the 
MOVPE scheme, as desired. 

30 [01 1 1 ] After the above epitaxial wafer has been pro- 
duced, a mask formed with a wide recess pattern is 
formed on the wafer. Then, the GaAs layer 2112 is 
selectively etched with the wide-recess stopper layer 
21 1 1 serving as a stop layer. To so etch the two layer 

35 2112, there may be used dry etching using a mixture of 
chloride gas containing only chlorine as a halogen ele- 
ment and fluoride gas containing only fluorine, e.g., a 
BCI3 and SF 6 mixture. 

[01 1 2] After the removal of the above mask, the GaAs 
40 gate buried layer 21 10 is selectively etched via a new 
mask formed with a gate recess pattern with the gate 
contact layer 2109 serving as a stopper layer. As a 
result, the undoped gate contact layer 2109 is exposed 
to the outside. At this instant, the buried layer 21 10 is 
45 not overetched. A gate electrode 2 1 1 3 is formed on the 
exposed gate contact layer 21 09. This produces a struc- 
ture in which no gaps are present at the sides of the 
gate electrode 21 13. 

[0113] Subsequently, a source electrode 21 14 and a 
so drain electrode 21 1 5 are formed by the evaporation lift- 
off and alloying (e.g. 400°C/1 min) of AuGe. serving as 
ohmic electrodes. 

[01 1 4] In the structure shown in FIG. 29, the high con- 
centration n-type impurities doped in the gate contact 
55 layer 2109 and wide-recess stopper layer 21 1 1 increase 
the amount of electrons stored around the interface 
between the gate buried layer 21 10 and cap layer 21 12 
and the gate contact layer 2109. This successfully 
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reduces contact resistance from the cap layer 211 2 to 
the channel layer 2106. Further, because the gate con- 
tact layer 2109 is not exposed to the outside, the sheet 
resistance increase of this portion is suppressed. 
[01 1 5] With the structure of FIG. 29, an ON resistance s 
as low as 1 .3 O • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.3 a • mm. 

g^nd Embodiment w 

[01 1 6] FIG. 30 shows a twenty-second embodiment of 
the FET in accordance with the present invention. As 
shown, there are formed on a semi-insulating GaAs 
substrate 2201 a 400 nm thick und oped GaAs buffer is 
layer 2202, a 100 a thick undoped AI 0 . 2 Gao. 8 As buffer 
layer 2203, a 4 nm thick AI 02 Gao8As electron supply 
layer 2204 doped with 4 x 10 18 cm* 3 of Si, a 2 nm thick 
undoped AI0.2Ga0.sAs spacer layer 2205, a 15 nm thick 
undoped ln 02 Gao 8 As channel layer 2206, a 2 nm thick 20 
undoped AI 02 Gao sAs spacer layer 2207, a 9 nm thick 
Al 0 2 Gao.8As electron supply layer 2208 doped with 4 x 
10 18 cm 3 of Si, a 10 nm thick AI^Gao.sAs gate contact 
layer 2209 doped with 5 x 1 0 17 cm" 3 of Si, a 20 nm thick 
GaAs gate buried layer 2210 doped with 5 x 10 16 cm' 3 25 
of Si, a 6 nm thick GaAs gate buried layer 221 1 doped 
with 1 x 10 18 cm 3 of Si, a 4 nm thick GaAs gate buried 
layer 2212 doped with 5 x 10 16 cm 3 of Si, a 6 nm thick 
AI0.2Gao.8As wide-recess stopper layer 2213 doped 
with 4 x 10 18 cm" 3 of Si and a 100 nm thick GaAs cap 30 
layer 2214 doped with 4 x 10 18 cm" 3 of Si by epitaxial 
growth. To produce such an epitaxial wafer, use may be 
made of the MBE scheme or the MOVPE scheme, as 
desired. 

[0117] After the above epitaxial wafer has been pro- 35 
duced, a mask formed with a wide recess pattern is 
formed on the wafer. Then, the GaAs layer 2214 is 
selectively etched with the wide-recess stopper layer 
2213 serving as a stopper layer. To so etch the layer 
221 4, there may be used dry etching using a mixture of 40 
chloride gas containing only chlorine as a halogen ele- 
ment and fluoride gas containing only fluorine, e.g., a 
BQ 3 and SF 6 mixture. 

[0118] After the removal of the above mask, the GaAs 
gate buried layers 2210, 221 1 and 2212 are selectively 45 
etched via a new mask formed with a gate recess pat- 
tern with the gate contact layer 2209 serving as a stop- 
per layer. As a result, the undoped gate contact layer 
2209 is exposed to the outside. At this instant, the gate 
buried layers 221 0, 221 1 and 221 2 are not overetched. so 
A gate electrode 2215 is formed on the exposed gate 
contact layer 2209. This produces a structure in which 
no gaps are present at the sides of the gate electrode 
2215. 

[0119] Subsequently, a source electrode 2216 and a 55 
drain electrode 2217 are formed by the evaporation lift- 
off and alloying (e.g. 400°C/1 rrrin) of AuGe, serving as 
ohmic electrodes. 



[01 20] In the structure shown in FIG. 30, the high con- 
centration n-type impurities doped in the gate contact 
layer 2209 and wide-recess stopper layer 221 1 increase 
the amount of electrodes stored around the interface 
between the gate buried layer 2210 and cap layer 2214 
and the gate contact layer 2209. This successfully 
reduces the contact resistance from the cap layer 2214 
to the channel layer 2206. Further, the extension of a 
depletion layer from the surface of the GaAs layer 2212 
toward the channel side is stopped in the GaAs layers 
2212, 221 1 and 2210. This is successful to obstruct the 
rise of a conduction band at the surface side in the 
channel and therefore to obviate exhaustion of elec- 
trons in the channel. Moreover, a current path is formed 
not only in the channel (P1 , FIG. 30) but also in the gate 
buried layer (P2, FIG. 30), so that the sheet resistance 
is reduced in the exposed GaAs gate buried layer por- 
tion (S, FIG. 30). In addition, because the gate contact 
layer 2209 is not exposed, the sheet resistance 
increase of this portion is suppressed. 
[01 21 ] With the structure of FIG. 30, an ON resistance 
as low as 1 .2 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.4 n- mm. 

23rd Embodiment 

[0122] FIG. 31 shows a twenty-third embodiment of 
the FET in accordance with the present invention. This 
embodiment executes the process of the eleventh 
embodiment by using the epitaxial wafer of the twenty- 
first embodiment. As shown, gaps are formed at the 
sides of the gate electrode 2313. 
[01 23] In the structure shown in FIG. 31 , the high con- 
centration n-type impurities doped in the gate contact 
layer 2309 and wide-recess stopper layer 231 1 increase 
the amount of electrodes stored around the interface 
between the gate buried layer 2310 and cap layer 2312 
and the gate contact layer 2309. This successfully 
reduces the contact resistance from the cap layer 2312 
to the channel layer 2306. Further, because the gate 
contact layer 2309 is not exposed to the outside, the 
sheet resistance in this portion sparingly increases. 
[01 24] With the structure of FIG. 30, an ON resistance 
as low as 1 .4 n • mm was achieved. This ON resistance 
is lower than the ON resistance of conventional FETs by 
0.2 n • mm. Also, a gate breakdown voltage of 1 5 V was 
achieved because of the gaps formed at the sides of the 
gate electrode 2313. 

24th Embodiment 

[0125] FIG. 32 shows a twenty-fourth embodiment of 
the FET in accordance with the present invention. This 
embodiment executes the process of the eleventh 
embodiment by using the epitaxial wafer of the twenty- 
second embodiment As shown, gaps are formed at the 
sides of the gate electrode 2413. 
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[01 26] In the structure shown in FIG. 32 the high con- 
centration n-type impurities doped in the gate contact 
layer 2409 and wide-recess stopper layer 241 increase 
the amount of electrodes stored around the interface 
between the gate buried layer 240 and cap layer 2412 5 
and the gate contact layer 2409. This successfully 
reduces the contact resistance from the cap layer to the 
channel layer 2406. Further, the extension of a deple- 
tion layer from the surface of the GaAs layer 2412 
toward the channel side is stopped in the GaAs layers w 
2412, 241 1 and 2410. This is successful to obstruct the 
rise of a conduction band at the surface side in the 
channel and therefore to obviate exhaustion of elec- 
trons in the channel. Moreover, a current path is formed 
not only in the channel (P1 , FIG. 32) but also in the gate 15 
buried layer (P2, FIG. 32), so that the sheet resistance 
is reduced in the exposed GaAs gate buried layer por- 
tion (S, FIG. 32). 

[0127] With the structure of FIG. 32, an ON resistance 
as low as 1 .3 n • mm was achieved. This ON resistance 20 
is lower than the ON resistance of conventional FETs by 

0. 3 n • mm. Also, a gate breakdown voltage of 15 V was 
achieved because of the gaps formed at the side of the 
gate electrode 2413. 

[0128] The illustrative embodiments shown and 25 
described each includes an InGaAs channel layer hav- 
ing an In composition of about 0.2 customarily used on 
a GaAs substrate. Such an InGaAs channel layer may 
be replaced with a GaAs channel layer, if desired. Also, 
the present invention is practicable with a single dope, 30 
single hetero structure in place of the double dope, dou- 
ble hetero structure positioning the AIGaAs electron 
supply layer on the top and bottom of the channel layer. 
[0129] Further, the present invention may even be 
implemented as a hetero junction FET fabricated on InR 35 

1. e., including an ln 05 AI 05 As layer in place of the 
AIGaAs layer and including an lno.5Gao.5As layer in 
place of the ln 02 Gao 8 As layer. To produce this kind of 
FET, use may be made of a tartaric etchant in place of 
the dry etching scheme mentioned in relation to the 40 
illustrative embodiments. 

[01 30] In sumary, it will be seen that the present inven- 
tion provides a hetero junction FET capable of achieving 
an ON resistance noticeably lower than the conven- 
tional ON resistance. 45 

Claims 

1 . In an FET (Held Effect Transistor) using a semicon- 
ductor crystal including at least either an undoped so 
InGaAs channel layer or an undoped GaAs channel 
layer and a first AIGaAs gate contact layer, a sec- 
ond GaAs gate buried layer, a third AIGaAs layer 
and a fourth GaAs cap layer sequentially formed on 
said undoped InGaAs channel layer or said ss 
undoped GaAs channel layer, and having a double 
recess structure formed by using said first and third 
AIGaAs layers as etching stopper layers, a third 



AIGaAs layer is doped with a high concentration n- 
type impurity, a fourth GaAs layer includes an 
undoped layer contacting said third AIGaAs layer 
and a layer doped with a high concentration n-type 
impurity and forming a top of said fourth GaAs 
layer, and said second GaAs gate buried layer and 
a gate electrode contact each other without any 
gap. 

2. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said third AIGaAs layer is doped 
with a high concentration n-type impurity, a second 
GaAs layer includes an undoped layer contacting 
said third AIGaAs layer, a fourth GaAs layer 
includes an undoped layer contacting said third 
AIGaAs layer and a layer doped with a high concen- 
tration n-type impurity and forming a top of said 
fourth GaAs layer, and said second GaAs gate bur- 
ied layer and a gate electrode contact each other 
without any gap. 

3. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, a first AIGaAs layer is doped with a 
high concentration n-type impurity, a second GaAs 
layer includes an undoped layer contacting said first 
AIGaAs layer, and said second GaAs gate buried 
layer and a gate electrode contact each other with- 
out any gap. 

4. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer includes an undoped 
layer contacting said third AIGaAs layer and a layer 
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doped with a high concentration n-type impurity and 
forming a top of said second GaAs layer, and said 
second GaAs gate buried layer and a gate elec- 
trode contact with each other without any gap. 

5 

5. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 10 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers is 
each are doped with a high concentration n-type 
impurity, a second GaAs layer includes undoped 
layers respectively contacting said first and third 
AIGaAs layers, a fourth GaAs layer includes an 
undoped layer contacting said third AIGaAs layer 20 
and a layer doped with a high concentration n-type 
impurity and forming a top of said fourth GaAs 
layer, and said second GaAs gate buried layer and 

a gate electrode contact each other without any 
gap. 25 

6. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 30 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 35 
stopper layers, a second GaAs layer has a three- 
layer structure made up of either one of a layer 
doped with an n-type impurity or an undoped layer, 

a layer doped with a high concentration n-type 
impurity and a layer doped with an n-type impurity, 40 
as named from a side contacting said first AIGaAs 
layer, a third AIGaAs layer is doped with a high con- 
centration n-type impurity, a fourth GaAs layer 
includes an undoped layer contacting said third 
AIGaAs layer and a layer doped with a high concen- 46 
tration n-type impurity and forming a top of said 
fourth GaAs layer, and second GaAs gate buried 
layer and a gate electrode contact each other with- 
out any gap. 

50 

7. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 55 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 



using said first and third AIGaAs layers as etching 
stopper layers, a second GaAs layer has a three- 
layer structure made up of either one of a layer 
doped with an n-type impurity or an undoped layer, 
a layer doped with a high concentration n-type 
impurity and an undoped layer, as named from 
aside contacting said first AIGaAs layer, said third 
AIGaAs layer is doped with a high concentration n- 
type impurity, a fourth AIGaAs layer includes an 
undoped layer contacting said third AIGaAs layer 
and a layer doped with a high concentration n-type 
impurity and forming a top of said fourth GaAs 
layer, and said second GaAs gate buried layer and 
a gate electrode contact each other without any 
gap. 

8. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer has a three-layer 
structure made up of an undoped layer, a layer 
doped with a high concentration n-type impurity and 
a layer doped with an n-type impurity, as named 
from a side contacting said first AIGaAs layer, a 
fourth GaAs layer includes an undoped layer con- 
tacting said third AIGaAs layer and a layer doped 
with a high concentration n-type impurity and form- 
ing a top of said fourth GaAs layer, and said second 
GaAs gate buried layer and a gate electrode con- 
tact each other without any gap. 

9. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer has a three-layer 
structure made up of an undoped layer, a layer 
doped with a high concentration n-type impurity and 
an undoped layer, as named from a side contacting 
said first AIGaAs layer, a fourth GaAs layer includes 
an undoped layer contacting said third AIGaAs 
layer and a layer doped with a high concentration n- 
type impurity and forming a top of said fourth GaAs 
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layer, said second GaAs gate buried layer and a 
gate electrode contact each other without any gap. 

1 0. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AlGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AlGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AlGaAs layers as etching 
stopper layers, said third AlGaAs layer is doped 
with a high concentration n-type impurity, a fourth 
GaAs layer includes an undoped layer contacting 
said third AlGaAs layer and a layer doped with a 
high concentration n-type impurity and forming a 
top of said fourth GaAs layer, and said second 
GaAs gate buried layer and a gate electrode con- 
tact each other without any gap. 

11. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AlGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AlGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AlGaAs layers as etching 
stopper layers, said third AlGaAs layer is doped 
with a high concentration n-type impurity, a second 
GaAs layer includes an undoped layer contacting 
said third AlGaAs layer, a fourth GaAs layer 
includes an undoped layer contacting said third 
AlGaAs layer and a layer doped with a high concen- 
tration n-type impurity and forming a top of said 
fourth GaAs layer, and said second GaAs gate bur- 
ied layer and a gate electrode are spaced by a min- 
imum gap guaranteeing a sufficient gate 
breakdown voltage. 

12. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AlGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AlGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AlGaAs layers as etching 
stopper layers, said first and third AlGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer includes an undoped 
layer contacting said first AlGaAs layer, a fourth 
GaAs layer includes an undoped layer contacting 
said third AlGaAs layer and a layer doped with a 
high concentration n-type impurity and forming a 



top of said fourth GaAs layer, and said second 
GaAs gate buried layer and a gate electrode are 
spaced by a minimum gap guaranteeing a sufficient 
gate breakdown voltage. 

5 

13. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AlGaAs 
gate contact layer, a second GaAs gate buried 

10 layer, a third AlGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AlGaAs layers as etching 

75 stopper layers, said first AlGaAs layer is doped with 
a high concentration n-type impurity, a second 
GaAs layer includes an undoped layer contacting 
said first AlGaAs layer, and said second GaAs gate 
buried layer and a gate electrode are spaced by a 

20 minimum gap guaranteeing a sufficient gate break- 
down voltage. 

14. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 

25 an undoped GaAs channel layer and a first AlGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AlGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 

30 and having a double recess structure formed by 
using said first and third AlGaAs layers as etching 
stopper layers, said first and third AlGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer includes undoped 

35 layers respectively contacting said first and third 
AlGaAs layers, a fourth GaAs layer includes an 
undoped layer contacting said third AlGaAs layer 
and a layer doped with a high concentration n-type 
impurity and forming a top of said fourth GaAs 

40 layer, and said second GaAs gate buried layer and 
a gate electrode are spaced by a minimum gap 
guaranteeing a sufficient gate breakdown voltage. 

15. In an FET using a semiconductor crystal including 
45 at least either an undoped InGaAs channel layer or 

an undoped GaAs channel layer and a first AlGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AlGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 

so channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AlGaAs layers as etching 
stopper layers, a second GaAs layer has a three- 
layer structure made up of either one of a layer 

55 doped with an n-type impurity and an undoped 
layer, a layer doped with a high concentration n- 
type impurity and a layer doped with an n-type 
impurity, as named from a side contacting said first 
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AIGaAs layer, said third AlGaAs layer is doped with 
a high concentration n-type impurity, a fourth GaAs 
layer includes an undoped layer contacting said 
third AIGaAs layer and a layer doped with a high 
concentration n-type impurity and forming a top of 5 
said fourth GaAs layer, and said second GaAs gate 
buried layer and a gate electrode are spaced by a 
minimum distance guaranteeing a sufficient gate 
breakdown voltage. 

10 

16. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 15 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, a second GaAs layer has a three- 20 
layer structure made up of either one of a layer 
doped with an n-type impurity and an undoped 
layer, a layer doped with a high concentration n- 
type impurity and an undoped layer, as named from 

a side contacting said first AIGaAs layer, said third 25 
AIGaAs layer is doped with a high concentration n- 
type impurity, a fourth GaAs layer includes an 
undoped layer contacting said third AIGaAs layer 
and a layer doped with a high concentration n-type 
impurity and forming a top of said fourth GaAs 30 
layer, and said second GaAs gate buried layer and 
a gate electrode are spaced by a minimum distance 
guaranteeing a sufficient gate breakdown voltage 

17. In an FET using a semiconductor crystal including 35 
at least either an undoped InGaAs channel layer or 

an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 40 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 45 
impurity, a second GaAs layer has a three-layer 
structure made up of an undoped layer, a layer 
doped with a high concentration n-type impurity and 
a layer doped with an n-type impurity, as named 
from a side contacting said first AIGaAs layer, a so 
fourth GaAs layer includes an undoped layer con- 
tacting said third AIGaAs layer and a layer doped 
with a high concentration n-type impurity and form- 
ing a top of said fourth GaAs layer, and said second 
GaAs gate buried layer and a gate electrode are 55 
spaced by a mini mum distance guaranteeing a suf- 
ficient gate breakdown voltage. 



1 a In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer has a three-layer 
structure made up of an undoped layer, a layer 
doped with a high concentration n-type impurity and 
an undoped layer, as named from a side contacting 
said first AIGaAs layer, a fourth GaAs layer includes 
an undoped layer contacting said third AIGaAs 
layer and a layer doped with a high concentration n- 
type impurity and forming a top of said fourth GaAs 
layer, and said second GaAs gate buried layer and 
a gate electrode are spaced by a minimum gap 
guaranteeing a sufficient gate breakdown voltage. 

19. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 
impurity, and said second GaAs gate buried layer 
and a gate electrode contact each other without any 
gap. 

20. In an FET using a semiconductor crystal including 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 
impurity, a second GaAs layer has a three-layer 
structure made up of a layer doped with an n-type 
impurity, a layer doped with a high concentration n- 
type impurity and an n-type doped layer, as named 
from a side contacting said first AIGaAs layer, and 
said second GaAs gate buried layer and a gate 
electrode contact each other without any gap. 

21. In an FET using a semiconductor crystal including 
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at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 

layer, a third AIGaAs layer and a fourth GaAs cap 

layer sequentially formed on said undoped InGaAs 5 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 70 
impurity, and said GaAs gate buried layer and a 
gate electrode are spaced by a minimum distance 
guaranteeing a sufficient gate breakdown voltage. 



22. In an FET using a semiconductor crystal including 15 
at least either an undoped InGaAs channel layer or 
an undoped GaAs channel layer and a first AIGaAs 
gate contact layer, a second GaAs gate buried 
layer, a third AIGaAs layer and a fourth GaAs cap 
layer sequentially formed on said undoped InGaAs 20 
channel layer or said undoped GaAs channel layer, 
and having a double recess structure formed by 
using said first and third AIGaAs layers as etching 
stopper layers, said first and third AIGaAs layers 
each are doped with a high concentration n-type 25 
impurity, a second GaAs layer has a three layer 
structure made up of a layer doped with an n-type 
impurity, a layer doped with a high concentration n- 
type impurity and a layer doped with an n-type 
impurity, as named from aside contacting said first 30 
AIGaAs layer, and said second GaAs gate buried 
layer and a gate electrode are spaced by a mini- 
mum gap guaranteeing a sufficient gate breakdown 
voltage. 
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(54) lll-V semiconductor heterojunction field effect transistor 

(57) An FET (Field Effect Transistor) has an epitax- 
ial wafer including an Alo.2Qao.8As gate contact layer. A 
GaAs gate buried layer doped with Si, Al 0 2 Gao. 8 As 
wide-recess stopper layer doped with Si, in undoped 
GaAs layer and a GaAs cap layer doped with Si are 
sequentially formed on the gate contact layer by epitax- 
ial growth. An electron accumulation layer in formed on 
the undoped GaAs layer and reduces a potential barrier. 
This allows electrons to pass through the potential bar- 
rier of the AIGaAs layer with higher probability. Because 
the GaAs layer is not doped with an impurity, electrons 
are scattered little and achieve higher mobility. It is 
therefore possible to reduce contact resistance from the 
cap layer to a channel layer. In addition, sheet resist- 
ance sparingly increases because the gate contact 
layer is not exposed to the outside. An ON resistance as 
low as 1 .4 n • mm is achievable which is lower than the 
conventional ON resistance by 0.2 n • mm. 
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Heterojunction FET with an undoped InGaAs channel layer, an 
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